Serum protein electrophoresis and typing of monoclonal components (MCs) are routine but time-consuming and technically demanding assays. We evaluated capillary electrophoresis (Paragon CZE TM 2000) for automation of the two assays. CZE and cellulose acetate electrophoresis gave similar data on 794 samples. Withinrun and between-run CVs were <2% for albumin and ␥-globulins and 4 -7% for ␣ 1 -, ␣ 2 -, and ␤-globulins. Bilirubin, hemoglobin, triglycerides, and fibrinogen were found not to interfere. No carryover by capillaries was detected. The detection limit for MC was <0.5 g/L. MC assessment by immunosubtraction on 403 samples identified the monoclonal type in all samples with peak concentrations >10 g/L; only 50% of MCs that could not be quantified by densitometric scan were typed.
Electrophoretic techniques for the separation of human serum proteins have been used for 50 years. Resolution has been improved by the use of support media such as paper, starch gel, cellulose acetate, agarose, and polyacrylamide gels, which rendered electrophoretic methods very popular in the diagnostic area [1, 2] . For the most part, however, the methods have remained labor intensive and difficult to automate.
Capillary electrophoresis (CE) represents a major advance in electrophoresis technology for clinical applications [3] . 6 Separation of the protein fractions occurs in a free liquid medium, but it is performed in a narrow-bore (20 -200 m) capillary that is exposed to extremely high voltages. In this system, the velocity of electroosmosis exceeds the electrophoretic mobilities of the protein fractions, leading to a cathodal migration of the molecules, which are then detected and quantified in the far UV. With the introduction of on-column detection methods, the recognition of the potential clinical utility of capillary zone electrophoresis (CZE) was in progress, and reported for the first time by Chen et al. [4] . Subsequently, Klein and Jolliff [5] described a prototype instrument under development by Beckman Instruments. The Paragon CZE TM 2000 clinical CE system is a multicapillary instrument designed for automation of both routine serum protein electrophoresis (SPE) and for monoclonal component (MC) typing by subtraction [immunofixation electrophoresis (IFE)/IS] procedures. In this latter technique, CE is performed on the supernatant of a patient serum that has reacted with Sepharose beads coated with an immunospecific binder (IgG, IgA, IgM, or ).
The aim of this study is to evaluate, in three laboratories, the performance of this first fully automated capillary system for SPE and MC typing.
Materials and Methods ce system
The Paragon CZE 2000 Clinical Capillary Electrophoresis System was provided by Beckman Instruments. The instrument accepts primary sample tubes, and all sample handling, including dilutions, is performed by the instru-ment. The system consists of three main components: the sample wheel for sample handling, the capillary chamber for analysis, and the computer equipped with software for system operation and control and for results management. The sample wheel can accommodate up to 10 Spinchron ® sample sectors, each capable of holding seven tubes of various sizes. Segments containing seven wells, either for SPE or IS, are placed on the sample wheel in front of the Spinchron sectors. The capillary chamber houses seven capillaries and is thermally controlled. The capillaries are fused silica with a 25-m inner diameter and 20 cm in length. The capillaries are clad in a polyimide coating for flexibility and durability. Detection is accomplished via seven fiber optics connected to a UV detector, which allows for the detection of seven simultaneous separations. Electrophoretic conditions for SPE are as follows: Sample volumes of Ͻ1 nL are hydrodynamically injected into the capillaries and electrophoresis is performed at 9 kV for 4 min with Beckman reagents and according to manufacturer's instructions. The electroosmotic flow drives all the protein components past the UV detector in the order of their electrophoretic mobilities. The electrophoretic profile is obtained by direct measurement of the proteins via the peptide bonds at 214 nm.
When an MC is detected on SPE, a typing can be realized by IS. In this technique, the MC first reacts with Sepharose beads, to which an immunospecific binder (IgG, IgA, IgM, or ) has been attached. After the mixing and settling of the beads is complete, electrophoresis is performed on the supernatant. Specificity of the abnormal peak is identified by its disappearance after exposure to a specific binder. Ready-to-use segments containing protein G, anti-␣ and -heavy-chain antisera, and anti-andlight-chain antisera were used for IS.
protocol of evaluation
The evaluation was performed in three laboratories: the Laboratoire d'Immunologie in Lyon (site 1), the Laboratorio di Chimica Clinica ed Ematologia in Verona (site 2), and the Laboratorio Analisi in Stradella (site 3). The evaluation protocol essentially followed the recommendations of the Société Française de Biologie Clinique [6] and of the European Committee for Clinical Laboratory Standards [7] . After a short period of familiarization, the within-run and between-run precision studies (n ϭ 70) were performed in two different sites (sites 1 and 2) with three different sera with a wide range of electrophoretic patterns (see below). The distribution of the five electrophoretic fractions corresponding to the 858 samples run in the three sites was established. For the comparison study each evaluator in sites 1 and 2 correlated the CZE data with those given by its routine electrophoretic method (see below). Furthermore, the two most relevant zones (albumin and ␥-globulins) were investigated in site 2 to verify the possibility of getting accurate quantitative information; thus, for each zone the nephelometric results (g/L) of their major components (albumin and IgG respectively) have been compared with those given by CZE (g/L).
Interference of bilirubin, hemoglobin, triglycerides, and fibrinogen was tested by adding these substances to normal serum. A carryover study was also performed with the two MCs described below to determine whether large MCs would carry over into the subsequent sample and particularly into a hypogammaglobulinemic one (HOG). Samples were placed in three sectors in the following sequence: -HOG-MC-MC-MC-HOG-HOG-HOG to detect any carryover due to the probe, and a fourth sector was prepared with only the HOG sample to test for possible carryover due to the capillaries.
The detection limit of MC was assessed in sites 1 and 2 by using an IgG with a mid-␥ zone migration, diluted in human serum albumin (site 1) or in a serum with a low concentration of polyclonal ␥-globulins (8%) (site 2). In each site the MC quantification (26 g/L in site 1, 12 g/L in site 2, respectively) was performed by densitometric scan after protein staining (Ponceau red). The detection limit was calculated from the last dilution of the MC still giving a visible abnormality in the ␥ zone.
The performance of CZE for typing of MCs was tested by running 403 sera selected in the three sites.
samples and reagents
The precision study was performed by using the following types of specimen: (a) a qualitatively and quantitatively normal sample (I.D. Zone ® normal serum control from Beckman in site 1, a frozen pool from blood donors in site 2); (b) a polyclonal hypergammaglobulinemic sample (I.D. Zone abnormal serum control from Beckman in site 1, a fresh pool with NaN 3 from routine specimens in site 2); (c) a HOG sample: A fresh serum drawn from a patient with a nephrotic syndrome in site 1 and a fresh pool with NaN 3 from routine specimens from the pediatric unit in site 2.
For the comparison and distribution studies, the three sites used fresh routine sera sent for an electrophoresis request.
For the routine interferences of bilirubin, triglycerides, hemoglobin, and fibrinogen, the following samples or reagents were used: bilirubin Sigma (sites 1 and 2); intravenous preparation (Ivelip ® ) in site 1 or hyperlipemic sample (triglycerides ϭ 25 mmol/L) in site 2; hemolysate prepared by addition of distilled water to a globular pellet and by three cycles of freezing and thawing followed by centrifugation; some pairs of serum/plasma from different patients in the three sites to assess the influence of fibrinogen on the electrophoretic pattern.
The carryover study was conducted with two types of MC (IgG 100 g/L and IgM ϳ70 g/L). To be able to detect carryover, an extremely HOG (0.5 g/L) sample was used, artificially prepared by dilution of a serum sample with human albumin; this HOG sample was analyzed just after testing the IgG or IgM MC.
For MC typing, fresh or frozen sera kept in a MC bank were analyzed in the three sites.
comparison studies SPE. For SPE, site 1 used an automated cellulose acetate electrophoresis system (Olympus HITE 310; Olympus Biologie). Electrophoresis was performed by micromethod at 9 mA, with Tris-barbital buffer, pH 9.2, for 25 min followed by staining in Ponceau red. In site 2, SPE was performed on dry cellulose acetate with a Cosmo Fed 3200 (Cosmo Japan distributed by Ciampolini). The electrophoretic conditions were: barbitone buffer with calcium lactate pH 8.8; length of the electrophoretic run 3.2 cm; staining with Ponceau red.
In site 3, gelatinized cellulose acetate (Cellogel) electrophoresis was realized in Tris-glycine-salicylate buffer, pH 8.8 (both from Malta), length 65 mm, staining with amido black 10 B [8] .
Nephelometry. For comparison of the results given by CZE and by nephelometry, site 2 used the Array Protein System (Beckman Instruments) for the immunonephelometric determination of albumin and IgG according to the manufacturer's specification.
MC typing. Site 1 performed immunoelectrophoresis (Corning agarose gels, Helena antibodies) and IFE (Paragon IFE kit, Beckman).
In sites 2 and 3, IFE was done on cellulose acetate strips according to an immersion technique with Dako antisera [9] .
Results
A typical serum protein pattern obtained by CZE is illustrated in Fig. 1 . The electrophoretic profile is very similar to the one seen on classical supports with a resolution in five distinct zones (albumin, ␣ 1 -, ␣ 2 -, ␤-, ␥-globulins), but the ␥ region appears relatively shorter compared with the ␥ fraction obtained on cellulose acetate. The major difference lies in the migration order; with CZE, prealbumin and albumin are the last to be detected because the proteins are pulled past the detector by the electroosmotic flow in reverse order of their electrophoretic mobility.
The results of the within-run and between-run precision obtained in sites 1 and 2 are given in Table 1 .
The distribution of the albumin/globulin ratio measured on the 858 samples studied in the three sites is given in Fig. 2 . Samples with values Ͻ0.8 can be considered grossly abnormal and were eliminated for calculation of the distribution (expressed in percentile) of the five electrophoretic zones corresponding to the remaining 794 sera (Table 2) .
Correlation between cellulose acetate and CZE is very good for ␣ 2 , ␤, and ␥, whereas the slope shows a systematic bias for ␣ 1 with higher results given by CZE (Table 3) . Fig. 3A shows the comparison (cellulose acetate vs CZE) for albumin; the mean difference is Ϫ2.1 and it is evident that the observed discrepancies between the two methods are concentration dependent. Fig. 3B illustrates the comparison between nephelometry and CZE for albumin; in this case the observed differences are not concentration dependent and are homogeneously distributed through a wide range of analyte concentration. Concerning the ␥ zone, the integration of this fraction on the CZE is very representative of the IgG concentration measured by immunonephelometry (Fig. 4) .
Addition of bilirubin (500 mol/L) did not alter the electrophoretic pattern significantly. Hemolysate induced a shift in the ␣ 2 zone, probably due to the haptoglobinhemoglobin complex formation, increased the ␤ zone as hemoglobin migrated with transferrin, and at higher hemoglobin concentrations (10 g/L) altered the ␥ zone perhaps because of carbonic anhydrase (Fig. 5 ). Ivelip at 10 mmol/L increased the ␣ 1 -and ␣ 2 -globulins; hyperlipemic serum (triglycerides ϭ 25 mmol/L) tested in site 2 did not. ␤ lipoprotein migrates as a broad band in the ␣2-␤ zone, and so is difficult to identify. Surprisingly, the electrophoretic patterns of serum and plasma were indistinguishable, suggesting that fibrinogen is not detected by the system. Further studies are ongoing to better understand the apparent lack of detection of this protein.
No carryover by the sample probe or the capillaries was observed with the sample containing an IgG MC of 100 g/L. In contrast, a carryover of Ϸ0.5 g/L was observed with a high-viscosity sample with monoclonal IgM at 70 g/L (Fig. 6) . 
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The detection limits measured at sites 1 and 2 were 0.3 g/L and 0.5 g/L, respectively.
The characteristics of the 403 MCs used for the assessment of IS and the results of the typing of these samples are presented in Table 4 . To assess the limits of sensitivity of the system, a large proportion (45.7%) of the samples selected for this study contained a MC Ͻ5 g/L. Typing was incomplete (impossibility to type the light chain) or missed (impossibility to identify both heavy and light chains) for 33% of sera with MC Ͻ5 g/L.
Discussion
The present work was conducted to evaluate, according to European guidelines [6, 7] , the first automated capillary electrophoretic system applied to the clinical study of serum proteins.
CZE was more precise than classical electrophoretic methods. Kahn and Strony [10] report CVs ranging from 2.9% for serum albumin to 9.5% for ␣ 1 -globulins. For the same fractions Baars and Lombarts [11] observed CVs between 4% and 32% and emphasize the high dependency of the method on technical skill.
For CZE the CVs are concentration dependent, with results for high concentrations most often Ͻ2.0% for albumin and ␥-globulins and in the range of 4 -7% for ␣ 1 , ␣ 2 , and ␤. For these latter fractions the higher CV may reflect the significant protein heterogeneity of these zones, leading to an uncertain and irreproducible automated integration.
Although the distributions of the five fractions of 794 samples run on the CZE are not reference ranges, they may be representative of a quite healthy population because in two sites samples were drawn from outpatients for which an electrophoresis was routinely requested. Compared with the values given by cellulose acetate or agarose techniques, ␣ 1 values appear to be higher and the four other fractions seem very similar. Our data are comparable with those published by Klein and Jolliff [5] on 100 healthy patients, but they reported values for ␣ 1 (2.7-5.1%) lower than ours. The results of our comparison study demonstrated, except for ␤ in site 2, an overall satisfactory correlation between CZE and cellulose acetate in two sites. The poor results observed in site 2 for ␤ can be explained by the utilization of the lactate buffer, which splits this fraction into ␤ 1 and ␤ 2 on cellulose acetate. For the ␣ 1 zone, the discrepancy attested by the high slope is linked to the fact that, unlike the detection systems based on staining [12] , the far-UV detector of the CZE is able to detect AAG; hence the higher CZE results are consistent with the intrinsic absorbance of the protein polypeptide bonds measured at 214 nm. A higher slope for ␣ 1 has also been reported by Kim et al., who compared CZE with agarose gel electrophoresis [13] , but the correlation coefficients for the five fractions reported by these authors are lower than ours. Concerning CZE albumin results, Fig. 3A shows a clear positive bias for albumin percentages Ͻ50% and a negative one for albumin values Ͼ60%. The accuracy of CZE results is reflected by the comparison study with the specific measurement of albumin by immunonephelometry (Fig. 3B ), but we have no clear explanation for the two significant outliers observed. The higher CZE's results compared with cellulose acetate at increased albumin concentrations are perfectly correlated with the immunochemical determination of albumin and allow us to state that it is linked to a problem of staining detection. In this latter case, the measurement of Clinical Chemistry 44, No. 3, 1998 high level of stain cannot be made accurately. Furthermore, the absence of staining-destaining procedures confers major practical advantages to CZE compared with classical methods. Dolnik [14] investigated the influence of various electrolytes on the separative power of CZE; for example, by the use of a 0.1 mol/L methyl glucamine-0.1 mol/L ⑀ amino caproic acid, operational electrolyte serum proteins can be separated into Ͼ10 zones.
The interference study does not provide evidence for any significant alteration in the electrophoretic pattern except for hemoglobin, which induces a slight ␥ peak that can be misinterpreted in the context of MC. The absence of detection of fibrinogen remains an enigma for us and excludes some causes of errors of pseudo-␥ peak in heparinized patients, for example. Carryover was seen only with a serum with a hyperviscous IgM and was Ͻ1%; this sort of contamination has no practical consequence due to the fact that it is easy to recognize because the operator knows that a sample with a very high MC has been run just before: A new assay of the sample in another run will confirm the absence of MC. The low detection limit of the technique (0.5 g/L) contributes to the ability of CZE to detect small MCs. Thus, in a series of 76 MCs Jenkins and Guerin [15] detected all the MCs observed by a high-resolution agarose gel electrophoretic technique with a particular ability of CZE to detect monoclonal IgA migrating in the ␤ region.
In such a closed system, MC typing cannot be performed by standard IFE. Thus, the IS technique first reported by Aguzzi and Poggi with acetate membranes [16] has been applied to CZE. The identification of the MC is obtained from the disappearance of the peak after fixation of the MC on the Sepharose beads coated with protein G, anti-␣, anti-(for assigning the heavy chain), and with anti-and -(for assigning the light chains). IS, being a subtractive technique, could hardly reach the sensitivity of IFE, which is, on the contrary, based on adding the antiserum proteins to the MC. Nonetheless, agreement with our comparison method was complete for a MC with a concentration Ͼ10 g/L (Table 4 ) regardless of isotype.
Concerning practicability, CZE represents an important breakthrough in electrophoretic methods. Standard manual techniques involving either a membrane or a gel are quite time consuming and require technical skill along all their different steps, such as matrix handling, buffering, sample application, staining-destaining, and detection; 90 min are usually needed to get the final electrophoretic pattern. Automated instruments have been developed to overcome some of these difficulties, but they are usually big systems requiring large quantities of reagents; this is even more true for IFE. CZE is a walkaway system involving nanotechnology and performing a protein separation in 4 min with a high throughput (50 electrophoreses/h). IS kits allow full automation in typing, which does not require any particular technical skill nor the physical presence of the technician. The throughput of the instrument (6 -8 ISs/h) allows for the immediate typing of detected MC on the same day.
Because there is not a gold standard for typing MCs, complementary techniques should be available; this is particularly true for small monoclonal IgG in samples with normal or increased IgG polyclonal content, and obviously for identification of ␦ and ⑀ isotypes for which IS kits are not yet commercially available.
During our evaluation we had no problem with capillaries and hardware, but we were faced with a software problem termed "error code 208" giving blank results. The error resulted from a too-strict time window for migration speed.
In conclusion, the Paragon CZE 2000 appears to be an efficient, highly reproducible technique for both SPE and MC typing. Its high degree of automation offers a new alternative to older techniques that are time consuming or require technical skill.
